An experimental and numerical study was carried out to investigate the solidification process in a copper continuous strip casting process. Heat flow and solidification process has been experimentally studied. Cooling curves during solidification were registered using a thermocouple of type ''K'' connected to a data acquisition system. Temperature measurements in the mould and cooling water were also performed. The numerical model considers a generalized set of mass, momentum and heat equations that is valid for the solid, liquid and solidification interval in the cast. A k À " turbulence model, produced with the commercial program CFX, is used to analyse the solidification process of pure copper in the mould region of the caster. The fluid flow, temperature and heat flux distributions in the mould region of the caster were computed. The shape and location of the solidification front were also determined. The effects of the parameters such as heat transfer coefficient, casting speed, casting temperature, heat of fusion and specific heat on the shape and location of the solidification front and the heat transport at the mould-cast interface were investigated. The predicted temperature and heat flux distributions were compared with experimental measurements, and reasonable agreement was obtained.
Introduction
In recent years, there has been increased interest in producing strips by continuous casting. During a continuous casting process, the superheated liquid metal is poured into the mould, which has an internal passage through which the cooling water is circulated. In the mould region, superheat and heat of fusion are removed from the liquid metal; heat is also removed from solid shell. Below the mould, in the secondary cooling zone, cooling water is jetted directly onto the casting surface.
In the continuous strip casting industry, knowledge of the locations of liquidus and solidus temperatures, the temperature of any point within the casting, the local cooling rate, the temperature gradient, etc. is of great importance. With this information the casting engineer can draw conclusions concerning the likelihood of the formation of defects, porosity, cracks, microsegregations and the microstructures. It will also be possible to adjust the design of the caster, cooling channels, etc.
In order to understand the movement of the solidification front during continuous casting, the study of the temperature fields in the solid and liquid regions is necessary. Theoretical prediction of the solidification front and the temperature field in strip is of the greatest practical importance. Over the past years, various numerical techniques have been applied for the computation of solidification problems during the solidification of metal casting. [1] [2] [3] [4] [5] The heat transfer during solidification in continuous casting processes strongly influences the product quality and the process productivity. Factors influencing heat transfer in the mould have been investigated experimentally by many authors. [6] [7] [8] [9] [10] It is obvious that mould heat transfer consists of many complex mechanisms, including conduction, convection and phase change. In the liquid region of the strand, heat is transferred by conduction and convection. In the solid region heat transfer is due to both conduction and the solid body translation of the solidified strip. Heat flow to the mould is controlled by the nature of the gap that forms between the strand and the mould as solid shell forms. Moreover accurate measurement of the mould boundary conditions is difficult experimentally. Mathematical models of continuous casting have been useful for describing heat transfer during solidification and in determining design variables. Among the available literature for solving the temperature field problem during continuous casting, a common approach is to employ a formulation based on the governing equation for enthalpy, with a sourcebased method being used to incorporate the release of latent heat. [11] [12] [13] [14] [15] Reviews and examples can be found elsewhere. [16] [17] [18] The probability of formation of lattice defects such as vacancies during a casting process were studied earlier. [19] [20] [21] It has been observed that the structure and properties of rapidly solidified alloys are influenced by the cooling rate during solidification. A supersaturation of vacancies can also form in a metal by quenching, mechanical deformation or energetic particle irradiation. These vacancies can migrate and collide to form microscopic clusters at temperatures where the vacancies are mobile. It has earlier been proposed [22] [23] [24] that during a solidification process a large number of lattice defects such as vacancies are formed and then condensed. The thermodynamic properties of metals are changed by the lattice defects. The concentration of vacancies in the solid depends on the cooling conditions. When the alloy is rapidly quenched from a high temperature, there will be insufficient time for the new equilibrium concentration to be established and a high concentration of vacancies will be trapped. The increase in the concentration of vacancies will have an influence on the solidification process.
The focus of this study is the development of a coupled flow model to quantitatively describe the strip casting process which is used in casting copper base alloys. Experiments have been made to study the heat flow and the solidification process in the strip caster. Results from these measurements have been used in numerical simulation for heat flow and solidification. The model is used to study the solidification behaviour under various operating conditions and with different casting velocities. The simulation results give important information for caster design optimisation. The results obtained can also be used for the prediction of the behaviour and characteristics of the cast material.
Model Description
A schematic diagram of the mould is shown in Fig. 1 ; data relating to the geometry and operating conditions are given in Tables 1-3 . Introducing Cartesian (x; y) coordinates, x ¼ 0 marks the top of the mould, with the line y ¼ 0 as the mould's axis of symmetry and the mould wall at y ¼ W=2. Superheated liquid, at a uniform temperature T cast > T melt , enters the mould with a uniform feed velocity at x ¼ 0, 0 y d jet =2, and solid metal is withdrawn at x ¼ L. Under steady operating conditions, the inlet melt velocity through the nozzle is related to the casting speed, as shown later.
The flow of molten copper from the tundish to the mould is affected by the nozzle diameter and the head of liquid copper in the tundish. The models were used to determine the effect of varying casting speeds on the solidification behaviour. The heat flux value at the top surface of the mould in the liquid region, presented in Table 2 and used as a cooling boundary condition, was obtained from the experimental data, and those reported earlier. [25] [26] [27] [28] In the mould region, the molten material is cooled indirectly, e.g., by circulating cooling water through the channels in the mould walls. After the mould, the strip is further cooled in the caster by water sprays, the purpose of this being to provide continued and controlled cooling of the strip. After this, the strip is cooled by air. The process has been described in detail elsewhere. 25, 26) During continuous casting processes, thermal energy is transported by convection in the liquid pool. This convection is driven by the kinetic energy of the pouring stream as it enters the continuous casting mould. Complete modelling of this convective transport requires that the fluid-flow problem in the liquid region is solved concurrently with the heat flow in the solid.
Experimental Work
The heat extraction rate at the strip/mould interface is a critical input to the mathematical model used for the prediction of transport process during the solidification in 
the mould. Such data are important to develop realistic model, with a large predictive capability. The aims of the experimental measurements performed in this project were to obtain the data about the heat flux (or heat transfer coefficient) at the mould surface. The measurements provided a quantitative understanding of the heat flow phenomenon in the strip caster. Experiments have been made at Outokumpu Copper R&D Väster# a as, Sweden, to study the heat flow during the solidification process for pure copper. Strips are cast in a vertical oscillating mould. The temperature in the tundish was measured at the beginning of each experiment. An inconelsheathed thermocouple of type ''K'' with a diameter of 1.5 mm was inserted in three different positions of the liquid pool width and allowed to follow the solidifying strip downwards in the caster. A number of experiments were performed for different tundish nozzle jets.
In order to investigate the heat flow through the mould wall during the solidification process, the temperature in the graphite mould wall was measured using nine thermocouples placed 2 mm from the mould surface, and compared with three additional measurements obtained from three thermocouples placed 4 mm from the mould surface. Temperature measurements in the outlet cooling water were also performed. Measurements were made on both sides of the mould.
The thermocouples were connected to a data acquisition system that allowed the collection of temperature-time data with an interval of 10 milliseconds. The data were plotted as a cooling curve.
The amount of cooling water and average heat released through the mould was also measured during the experiments.
Modelling Considerations and Model Formulation
The molten copper is poured continuously into mould through a nozzle. The liquid velocity at the inlet was assumed to be constant and was calculated based on an inlet-outlet mass balance. Although the actual process is highly threedimensional, we consider here a two-dimensional model, principally for the sake of computational cost. It has earlier 27) been explained that, the fluid flow in the upper part of the liquid pool of the mould region is turbulent and that this dampened further down the caster. In the present study, the k À " turbulence model was employed to account for turbulence in the liquid region and during the solidification interval. The problem was assumed to be at steady state during solidification. An incompressible Newtonian fluid was also assumed and turbulence effects on the casting parameters were studied.
Recent mathematical models of continuous casting processes have centred on steel alloys, in which a mushy zone of sizable extent is an important part both of the solidification process and modelling considerations. For pure copper, however, these considerations are to a large extent absent. From a modelling perspective, possible choices are either to use and modify ideas already employed for steel, or to implement a model for distinct phase transfer; although suggestions for a route to the latter do exist in the literature, where & is the mixture density andŨ U is the average mixture velocity, which are given, respectively, by
where f l and f s are liquid and solid mass fractions, respectively, with f l þ f s ¼ 1 andŨ U l andŨ U s are the liquid and solid velocities respectively. b) Momentum equation
where " efff ð¼ " l þ " T Þ includes the liquid molecular and turbulent viscosities (" l , " T respectively).
In general terms, the fluid flow during solidification interval is modelled as a porous medium wherein the Darcy's law can be applied. According to Darcy's law, the phase interaction forces are proportional to the superficial liquid velocity relative to the velocity of the solid, as indicated in (2) . The anisotropic permeability, K P , was calculated using the Carman-Kozeny equation for permeability of porous media as
In this expression, f l is the mass liquid fraction, which can vary between 0 and 1, and D l depends on the morphology of the porous media; we return to this later. c) Conservation of energy The energy transport equation can be written as follows:
where
and ' H is the turbulent Prandtl number for enthalpy with. Here, the mixture enthalpy, H, is given by
The source term, S H , in eq. (3), which embodies the latent heat of fusion, ÁH f , can be derived to be
In addition to the above equations, a supplementary relation between the liquid fraction to the local temperature is required. For pure copper, which tends to have an extremely short solidification interval, and in view of modelling assumptions in earlier work, 28) it would be preferable to use the relation
Here, however, we use the linear relation
where T sol and T liq can be thought of as artificial solidus and liquidus temperatures, respectively; these are taken so that
in view of the earlier discussion, the situation for copper is approached as (T liq À T melt ) is made smaller and smaller. The accurate modelling of this process requires a validated description of the boundary conditions, which tend for continuous casting to be empirical in form. The required boundary conditions used for the solution are:
where u jet ¼ WU c =d jet , according to mass conservation, and
where c p1 and c p2 are empirical constants whose values given in Table 3 , and D is the hydraulic diameter, D ¼ 4A jet =P jet , where P jet is the perimeter of the jet. For eq. (3) we take, at x ¼ 0,
and
where T cast and Q top denote the molten metal pouring temperature and an assumed pool surface heat flux, respectively. For the outlet where x ¼ L, we take zero conductive heat flux:
For the symmetry plane at y ¼ 0:
and finally, for the mould wall, y ¼ W=2;
Here h is the heat transfer coefficient between the mould surface and the solid shell, and T o is the temperature of the mould. It has earlier 28) been shown and discussed that the heat transfer coefficient is not constant and varies as a function of mould depth. In view of the experimental results (Section 6.1), the temperature calculation was carried out with assumed profiles for h and T o given by:
where a 1 , a 2 , a 3 , b 1 , b 2 and b 3 are empirical constants, presented in Table 3 , obtained from experimental data. The predicted curves were obtained via best curve fitting to the measured data points. This will be discussed in detail later.
Numerical Solution
A 2-d schematic of the computational domain considered for the simulation of a strip caster is illustrated in also given in Fig. 1 . The governning mass, momentum and heat equations were solved by using the commercial program, CFX. The governing equations were discretised using a finite-volume formulation and solved using the SIMPLEC algorithm. Calculations were carried out for the grid size 185 Â 52 using a non-uniform mesh with most points clustered towards x ¼ 0 and y ¼ W=2, in order to resolve region along the mould wall where solidification begins. During the computation, the liquid fraction was updated based on the previously computed nodal sensible heat and liquid fractions. It was found that in order to obtain convergence from a relatively simple initial guess (for example,
subsequently, this solution could be used as an initial guess to generate a converged solution for smaller values of (T liq À T sol ), and so on. Ultimately, it was found that, for this grid size, this procedure could be used for (T liq À T sol ) as low as 0.1 K; furthermore, a comparison of temperature contour plots for (T liq À T sol Þ ¼ 6 K and 0.1 K indicates in general little or no substantial difference, so that, in view of computational cost, it was decided to carry out the majority of runs for 6 K.
In the computations carried out here with the value of U c given in Table 2 , adequately converged solutions were obtained after about 15000 iterations of the SIMPLEC algorithm; such runs typically required around 30 hours of CPU time on a Cray J932 Supercomputer. Further procedural details can be found in the CFX manual. 29) 
Results
The experimental results are presented first. The numerical model predications were obtained by using the heat transfer coefficient from the experimental data. In order to verify the accuracy of the model, its predictions were compared with the new experiments. These are described following the presentation of the experimental results.
The temperature calculation, in this study, was carried out with an assumed heat-transfer coefficient, h, between the cast strip and mould wall given by:
where T s is the surface temperature of the strip, T mould is the temperature distriburion in the mould and K mould is the thermal conductivity of the mould.
Experimental results
In order to evaluate the mean heat flux from the cast strip to the cooling water, the following heat balance has been used:
The heat entering the mould comes from heat of fusion of the solidifying metal as well as cooling the metal before and after solidification process. This is described by the first term on the right hand side of the eq. (14) . The second term describes the rate of heat generated during the solidification process. It equals zero before the start, and after the end, of solidification. The rate of heat generated due to solidification corresponds to the latent heat of fusion.
Typical cooling curves along the centreline, obtained from the experimental work, are shown in Fig. 2 . The cooling curves contain a plateau, where the temperature is almost constant. This temperature is called the solidification temperature. The end of the solidification process can be recognized from a sudden change in the slope of the curve. The temperature data, measured as a function of time, were transformed into a function of distance from the meniscus by a simple transformation using the casting velocity. The superheat temperatures, cooling rates, for both liquid and solid regions, solidification times and temperatures were evaluated from the cooling curves. As a result, the average heat released from the solidified strip to the mould surface was found to be in the order of 1.4-1.9 MWm À2 depending on casting speed, with the lower value corresponding to a lower casting speed.
Furthermore, Fig. 3 shows a typical total heat flux, as a function of time, measured directly during a casting process. Although not evident from this figure, it was found that average heat flux values for the back side of the mould was slightly higher than that for the front side, which itself on average was about 200-250 kw/mould side. The corresponding casting speed is also given in Fig. 3 . Fluctuations were noticed in both curves during the casting experiments, and in general it was found to be difficult to maintain a steady casting speed.
The total mean flux from the mould was also estimated by measuring the temperature difference and then using eq. (13). Typically, thermocouples or pairs of thermocouples are placed in the mould at various locations. Their response is primarily used to determine the temperature distribution along the mould length and secondly to compute the heat release from the mould. The variation of measured mean mould temperature with time as a function of thermocouple position is shown in Fig. 4 . Thermocouples were placed 2 mm from the mould surface at three different levels (distances) from the meniscus. The results can help to estimate the heat transfer coefficient by means of eq. (13) . The results show that one side of the mould is warmer than the other. Here, also, fluctuations were noticed in the measurements, although we do not present the relevant figures here. Figure 5 shows a typical temperature-distance profile close to the strip surface, T s , during solidification. These measurements can also be used to estimate the heat transfer coefficient. The results show that, for both casting speeds, the surface temperature decreases more slowly for depths at which liquid is still present at the centreline than at greater depths, where liquid is no longer present. The decrease in the surface temperature for the higher casting speed is more rapid than for the lower. Again, the temperature data, measured as a function of time, were transformed into a function of distance from the meniscus by a simple transformation using the casting velocity. 
An Experimental and Numerical Study on the Modelling of Fluid Flow
A third, and probably most accurate, method to measure the heat flux distribution along the mould depth can be described by:
where & water and C water P and denote density and specific heat capacity of the mould cooling water, V water and ÁT water denote the velocity and temperature difference of incoming and outgoing cooling water for each cooling channel, and A mould is the mould surface area. Here, the heat flux distribution along the mould depth can be computed, if the velocity and temperature of incoming cooling water are known. The variation of the measured temperature of the exiting cooling water, as a function of thermocouple position corresponding to different distance from the meniscus, are shown in Fig. 6 .
Unfortunately, difficulties were encountered in measuring the velocity of cooling water in each channel, so that the data set that was obtained was incomplete. Those results, however, will be discussed in a later publication.
Within the scope of these experimental results, and by means of the heat flux measurements, both the temperature distribution along the mould depth and the heat transfer coefficient at the mould surface can be determined.
A typical resulting temperature profile along the mould depth, used for the computation, is given in Fig. 7 . The experimental data, marked by crosses, was fitted with a quadratic polynomial, as given by eq. (11). The heat transfer coefficient calculation was carried out with an assumed mould wall temperature, T o . The experimental values of h were also fitted with a second-order polynomial, as given by eq. (12); a typical resulting heat transfer coefficient along the mould depth, used for the computations, is also given in this figure.
The fluctuation in temperature-time curves often shows a variation over 40 K, which leads to an uncertainty in determining the mould wall temperature distribution when fitting data. Furthermore, technical difficulties in inserting thermocouples also lead to problems as regards data-fitting. Also, it is not easy to know beforehand how h, evaluated under one set of casting conditions, will change when these conditions, principally the casting speed, are altered.
However, to find reasonable range of profiles for h and T o , a series of numerical computations with different mould temperature and heat transfer coefficient were performed.
Numerical results
Calculations were carried out for five different casting speeds. Superheated liquid at a uniform casting temperature T cast > T melt enters the mould at a uniform feed velocity U c . The flow of melt through the nozzle was adjusted accordingly to satisfy mass continuity. In addition to the standard casting speed of 0.01830 ms À1 , the models were used to analyse the effect of varying casting speed from 0.01 to 0.01830 ms À1 on the solidification behaviour. Naturally, higher casting speeds are of particular interest from the industrial point of view, as this corresponds to increased productivity. The heat flux value at the top surface of the mould in the liquid region, is presented in Table 1 and used as cooling boundary conditions. The heat-transfer coefficient given by eq. (12) was also used as a cooling boundary condition between the cast strip and the mould surface (cooling water). Furthermore, the comparison of numerical and experimental cooling curves for one or more of the central jets is seen to provide a further indication of the magnitudes of h and T o . It was found, however, that by changing the heat transfer coefficient at the mould surface, it was possible to change the starting point of the solidification at the side wall of the mould. Therefore, simulations were run for different hprofiles (as a function of mould depth), and the results for these profiles were compared in order to determine quantitatively their effect upon the shape and location of the solidification front. Those results, however, will be discussed together with relevant experimental data in a later publication.
Typical computed velocity fields (in the upper region of a strip, Fig. 8(a) for different casting speed are shown in Fig.  8(b) . It can be seen (Fig. 8(a) ) that the velocity varies markedly in the upper region of the caster, both in direction and magnitude; a melt recirculation develops in this region due to mass and momentum entrainment of liquid. The depth of the recirculating zone depends on the casting speed. The velocity vectors become parallel and oriented vertically downwards further down in the caster. Comparing the results for different casting velocities, from 0.01 up to 0.0183 ms À1 , indicates that an increase of casting speed results in an increase in the length of the recirculation zone. It was also discussed 28, 30) that the temperature field depends on the inlet temperature, heat transfer coefficient and casting speed.
It was explained earlier that the location of the solidification fronts is significantly affected by a change in the casting speed. Lower casting speeds resulted in a shallower liquid pool, compared to a higher casting speed. Figure 9(a) shows the effect of casting speed on the location and shape of the solidification front, similar to those presented earlier. 30) The solidification profiles were calculated based on the liquid fraction. As expected, it can be seen that with an increase of the casting speed, the solidification front moves downstream. The results indicate that for low U c , the slope of the solidification front is less steep. Note that for structural uniformity of the cast material, it is desired to have the solidification front slope as low as possible. It can further on be seen that with the increase of the casting speed, the local heat removal along the mould surface increases. For lower U c , less heat is being extracted from the mould surface ( 
9(b)
). This is because with the increase of U c , the amount of molten metal flow increases. Calculated centreline and surface temperature can be compared with experimental measurements for different U c and ÁH f . Figures 10(a,b,c) shows the temperature measurements along the centreline of the strip in the mould region. The computed temperature profiles along the centreline of the strip during the solidification process for different U c and ÁH f are also shown in Fig. 10 . It can be noted that the temperatures of the strip within the caster are higher for higher casting speeds, compared to a lower casting speed.
The results in Figs. 11(a,b,c) show that the calculated surface temperature profiles are similar to the temperature measured in the plant experiments. For the numerical simulations, the maximum decrease in the surface temperature in the entire mould region varies between 100 and 300 K when the latent heat is decreased from to 205 to 120 kJ kg À1 . Further, the results show that the lower value of the heat of fusion gives better agreement between the computed and experimental results. The results also indicate that the experimental maximum decrease in the surface temperature in the upper mould region is approximately 80 K. It is evident from the results presented here (Figs. 10-11 ) that values for ÁH f lower than the tabulated ones lead to a better agreement between the computed and experimental results; this agrees with earlier results, [31] [32] [33] which indicate that the calculated ÁH f , obtained from the experiments, are much lower than the tabulated equilibrium values. This will be discussed again in the next section in connection with the formation and condensation of lattice defects. The effect of the latent heat of fusion on the shape and location of the solidification front, the solidification time and heat flux at strip/mould interface has been discussed earlier.
30) It was shown that as ÁH f increases, so the solidification time increases. Lower ÁH f values result in a shallower liquid pool, and less heat flux, compared to a higher latent heat of fusion. This will also be discussed in next section. Figures 12(a,b) shows the effect of the specific heat capacity in the solid on the shape and location of solidification front and heat flux at strip/mould interface, respectively. The calculations have been performed for U c ¼ 0:0183 ms À1 and T cast ¼ 1397 K. It can be seen that an increase in the C s P value causes the solidification front to move downstream. Lower C s P values result in a shallower liquid pool, and lower heat flux. This will again be discussed in next section.
It was earlier 30) explained that the casting speed had a significant effect on the outlet temperature profile of the cast material. In general it can be seen that with an increase of withdrawal speed, the outlet surface temperature of the cast material remains at a higher temperature. This is because of the fact that increased U c constitutes higher amount of hot molten metal that needs to be cooled per unit time. As such, the solidification front moves downstream, resulting in a higher cast-material temperature. This situation can be seen by comparing centreline temperature distributions of the cast material.
Discussion
Computational results show that the theoretical prediction of the location of the interface is in reasonable agreement with the experimentally measured ones.
The results are valuable for analysing the effects of different casting parameters, such as the mould wall temperature, the superheat of the molten material, the heat of fusion, the specific heat capacity and the casting speed, on a continuous casting process.
It was observed in this study that the casting speed has a significant effect on the solidification process. It controls the solidification front location and shape, which directly contribute to the microstructural quality of the cast material and determining of the mould design. It can be seen that with the increase of the casting speed, the solidification front moves downstream and the slope of the front become steeper. On the other hand, lower values of the casting speed decrease the productivity. Therefore, a cost-effective combination between these parameters is very much desired. Thus, one should strictly control the casting conditions in order to improve the strip quality. An understanding of transport phenomena in the continuous casting system can help in optimizing a casting process.
As discussed before, the shape of the solidification front is very important for controlling the structural uniformity of the cast material. A steeper solidification front results in higher structural non-uniformity, while a flat interface is desirable to get better uniformity in the cast product. The shape and location of the solidification front may be controlled by varying the cooling condition in the mould or the casting speed. The results presented here are of interest and importance in obtaining a better control of existing continous casting processes leading to improved product quality and increased productivity.
The calculations showed that the location of the solidification front depends significantly on the heat of fusion during the solidification. Lower ÁH f resulted in a shallower liquid pool, compared to a higher latent heat value. This is because with the increase of the ÁH f , more heat is being extracted locally from the mould surface. Figure 13 shows calculated fraction of latent heat, ÁH meas =ÁH tab , versus cooling rate produced in DTA experiments together with the results obtained earlier [31] [32] [33] from mirror furnace equipment and levitation technique for higher cooling rates. The results show that the calculated values for heat of fusion are much lower than the tabulated ones. The figure also shows that an increase in the cooling rate will decrease the values for ÁH f .
In the earlier works, 31, 32) it was discussed how large fractions of vacancies form and condense during rapid solidification processes in copper base alloys. The influence of such defects on the thermodynamic states and solidification behaviour of the alloys was also investigated. In particular, an increase in the concentration of vacancies will affect both solidification behaviour and thermodynamic properties, such as the latent heat of fusion and the specific heat. However, at very high cooling rates, when the fraction of vacancies (y v ) exceeds the equilibrium value (y eq v ), an unordered solid state is expected to form with a large supersaturation of vacancies preserved at room temperature. This is due to the fact that there is insufficient time for the vacancies to diffuse and create clusters, to form dislocations or move to grain boundaries. Penetration of these vacancies into the lattice increases the free energy (ÁG) of the solid phase. Increasing ÁG results in a decrease in the heat of fusion as well as a decrease in the melting point.
It was previously shown 31, 32) that the heat of fusion, undercooling temperature and specific heat capacity for pure Cu change by the fraction of excess vacancies (those exceeding the equilibrium number) as follow:
where ÁH V is enthalpy for formation of vacancies, ÁT Cu is the undercooling temperature and C s P , C s,o p is the calculated and tabulated specific heat, respectively.
An increase in vacancy fraction will increase the free energy of the solid phase, which will result in a decrease in the latent heat of fusion and the melting point. Consequently, the predicted values of ÁH f are much lower than the tabulated ones, which will have implications for the shape and location of the solidification front, as well as leading to shorter solidification time. Note that the heat of fusion represents the energy required to melt a mass unit or a mole of substance; i.e. the total energy needed to break the bonds between the atoms in the crystal lattice. If vacancies are present, some bonds are missing, and thus, the total energy decreases with increasing vacancy concentration.
The results show that the heat flux at the mould/strip interface has a direct and significant effect on the location of the solidification front, the temperature profiles and hence the physical properties and microstructure of the solidified material. Although heat transfer fundamentals are well known, there has been considerable difficulty in applying them successfully to gain a better understanding of the strip casting process. A detailed analysis of the heat transfer between the strip and the mould, certainly would be very useful in order to understand not only the shell growth, but also the shape and location of the solidification front.
Despite the obvious limitation of two-dimensionality, which was adopted because a solution of the full threedimensional Navier Stokes equations for the actual casting geometry involving multiple jets would have incurred a significantly greater computational cost, the results indicate that the model has useful practical application in the copper casting industry. Therefore, future investigation on these issues is warranted. Although much remains to be done, the information thus far generated should prove of considerable practical importance in the designing of mould cooling system.
In closing it should be added that there is clearly a need for more detailed experimental work to be performed using different alloys with different solidification behaviour; this should provide some interesting comparisons between experimental and simulated data at different casting conditions.
Conclusion
A 2-D, fully coupled model incorporating fluid flow, heat and mass transport was developed to analyse solidification in continuously cast strips. A modified k À " turbulence model was developed and employed to investigate the effects of different casting conditions on the solidification behaviour. The following main conclusions can be drawn:
-the solidification front moves downstream and becomes steeper with the increase of the casting speed; -the casting speed has a strong effect on temperature distribution throughout the cast material and the heat extraction rate; -an increase of latent heat of fusion results in an increase of the solidification time; also, lower ÁH f values resulted in a shallower liquid pool, compared to higher ones; -lower ÁH f values leads to better agreement between the computed and experimental results which agrees with earlier results; -with the increase of specific heat, the solidification front moves downstream, and the local heat flux values removal from the mould surface increases with the increase of the amount of superheat; -the model can predict the measured solidification curve with reasonable accuracy; -a 3-D model is required to obtain results that are more comparable with experiments, although at the cost of greater computational time.
